The neurohypophysial hormone oxytocin (OT), synthesized in magnocellular paraventricular (PVN) and supraoptic (SON) nuclei, is well known for its effects in lactation. Our previous studies showed that central OT receptor (OTR) binding is increased during gestation and that blockade of central OTRs, specifically during mid-late gestation, causes a delay in OT release during suckling and reduces weight gain in pups, suggesting decreased milk delivery. In the present study, we tested whether central OTR blockade during late gestation disrupts the gestation-related plasticity in intrinsic membrane properties. Whole cell current-clamp recordings were performed in OT neurons from pregnant rats (19 -22 days in gestation) that were infused with an OTR antagonist (OTA) or artificial cerebrospinal fluid (aCSF) and from virgin rats infused with aCSF into the third ventricle via an osmotic minipump beginning on days 12-14 of gestation. The amplitudes of both Ca 2ϩ -dependent afterhyperpolarizations (AHPs), an apamin-sensitive medium AHP (mAHP) and an apamin-insensitive slow AHP (sAHP), were significantly increased during late gestation in control pregnant animals. However, the amplitude of the sAHP from pregnant rats treated with the OTA was significantly smaller than that of pregnant control rats and similar to that of virgins. These results indicate that the diminished efficiency in lactation due to OTR blockade may be partly a result of an altered sAHP that would shape OT bursting. These findings suggest that central actions of OT during late gestation are necessary for programming the plasticity of at least some of the intrinsic membrane properties in OT neurons during lactation.
THE NEUROHYPOPHYSIAL HORMONES oxytocin (OT) and vasopressin (VP) are synthesized in the magnocellular cells (MNCs) located in the hypothalamic supraoptic (SON) and paraventricular (PVN) nuclei. These hormones are released into the systemic circulation from the neurohypophysis in response to physiological demands, such as milk ejection and parturition for OT (14, 30) and osmotic and cardiovascular challenge for VP (31) . The release of OT is determined by the rate and pattern of neuronal activity of SON and PVN neurons (31) . During lactation, OT neurons display a short (2-4 s), highfrequency (up to 80 Hz) burst of action potentials shortly before each milk ejection. This bursting activity is synchronized among all OT neurons (4) and results in a bolus release of OT into the bloodstream. This pulsatile OT release into the general circulation is believed to maximize the biological effects of OT (6) and is requisite for milk ejection (17, 33, 36) .
The firing patterns of MNCs are critically modulated by intrinsic membrane properties, such as the Ca 2ϩ -dependent afterhyperpolarizations (AHPs) and the Ca 2ϩ -dependent depolarizing afterpotentials (DAPs). Both AHPs and DAPs are specifically enhanced during lactation (37) (38) (39) , indicating that these changes interact with the expression of the specific firing pattern of OT neurons. Moreover, these changes are installed during late pregnancy (38) , suggesting that OT neurons transform their intrinsic properties before their increased activity during parturition and suckling.
In addition to release into the general circulation, somatodendritic release of OT within the SON and PVN is observed during parturition and lactation (2, 19, 26 -29, 34) . Central infusion of a selective OT receptor antagonist (OTA) during the final 2 wk of gestation delayed the pulsatile release of OT during suckling and impaired pup development during lactation, even though the OTA had been removed (21) . Furthermore, we recently demonstrated (3) that OT receptor (OTR) binding in the PVN and SON is significantly increased during mid-to late gestation. These data suggest that increased OTR binding and OTR stimulation during gestation is critical for determining the response characteristics of OT release during parturition and lactation. In addition, central OT (24, 25, 41) has been implicated in the OT neuronal-glia morphological plasticity characteristic of late pregnancy and lactation (16, 40) . Therefore, the present study was conducted to evaluate the effect of central blockade of OTR on the plasticity of intrinsic membrane properties of OT neurons during late gestation (37) .
MATERIALS AND METHODS
Animals. Timed-pregnant and virgin (age matched) Sprague-Dawley rats were used (Charles River Laboratories, Wilmington, MA). The rats were housed individually in a room on a 12:12-h light-dark cycle with access to food and water available ad libitum. The animals received surgery at the University of Utah and were then transferred to the University of Tennessee for the electrophysiological experiment by overnight shipment. Before the study, the potential for stress of surgery and subsequent shipment was tested. Animals (n ϭ 14) that received surgery on gestation day 13 were shipped overnight airfreight to Tennessee on gestation day 15 . Rats were anesthetized with 2,2,2-tribromoethanol (Avertin, Sigma-Aldrich, St. Louis, MO; 300 mg/kg) on days 12-14 of gestation and placed in a stereotaxic instrument. The scalp was incised and retracted laterally, and the skull was leveled between lambda and bregma. A 2-mm opening through the skull was drilled 0.4 mm posterior to bregma, along the midline. A stainless steel cannula (22 gauge) was inserted to a depth of 8.0 mm from the surface of the skull into the third ventricle. The osmotic pump was then inserted subcutaneously between the scapulae and connected to the cannula with polyethylene tubing. The cannula was secured with small screws placed in the skull and dental acrylic, which covered the exposed area. Virgin rats received only vehicle.
Electrophysiology. The rats in late gestation (19 -22 days) were deeply anesthetized with pentobarbital sodium (50 mg/kg ip) and perfused through the heart with cold aCSF in which NaCl was replaced by an equiosmolar amount of sucrose. Brains were removed, and coronal slices (250 m) containing SON were obtained. Slices were maintained in aCSF, bubbled continuously with 95% O 2-5% CO2, containing (in mM) 124 NaCl, 3 KCl, 2.0 CaCl2, 1. Immunocytochemistry. The recorded neurons were identified with double-labeling immunofluorescence (Fig. 1) . The anti-VP antibody was raised in rabbit against VP-neurophysin (VP-NP; provided by Alan Robinson, University of Pittsburgh, Pittsburgh, PA) and used at a 1:20,000 dilution. An anti-OT-NP antibody (PS36 or PS38) was raised in mouse (provided by Harold Gainer and Mark Whitnall, National Institutes of Health) and used at a 1:500 dilution. The slices were incubated 48 -72 h at 4°C, followed by incubation in a cocktail of secondary antibodies and avidin-7-amino-4-methylcoumarin-3-acetic acid (AMCA) (Vector Laboratories, Burlingame, CA) overnight at 4°C. The secondary antibodies used were fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit (Vector Laboratories) and Alexa Fluor 594-conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA). Avidin-AMCA was used to visualize the recorded cells. All numerical data were statistically analyzed with ANOVA and are presented as means Ϯ SE. Post hoc analysis was assessed with Scheffé's test. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
The AHPs were evoked by a train of 20 action potentials evoked by brief depolarizing pulses (5 ms, 0.25 nA) at 20 Hz. Because the expression of AHPs is dependent upon the number and frequency of action potentials (13, 15, 18) , a fixed number of action potentials at a fixed frequency was used to generate AHPs for equitable comparisons. The train of action potentials was followed by two distinct major AHP components, the medium (mAHP) and the slow AHP (sAHP), in MNCs ( Fig. 2A) . The mAHP has a duration of 200 -500 ms and is blocked by apamin (1, 7, 15, 39) , suggesting the involvement of Ca 2ϩ -activated small-conductance K ϩ (SK) channels (35) . The sAHP is indicated by a deceleration of the decay of the AHPs ( Fig. 2A) , and its channel type is undetermined.
The average total area of AHPs was significantly larger in OT neurons from pregnant animals receiving vehicle, similar to the plasticity previously observed (38) (Fig. 2B) . However, the area of AHPs among OT neurons in pregnant rats that received central OTA was significantly smaller than that from control pregnant rats and did not differ from that in virgin rats (Fig. 2B) . The amplitudes of both mAHP and sAHP were significantly larger during pregnancy in OT neurons (Fig. 2, C  and D) . While the enhanced amplitude of the sAHP in OT neurons during pregnancy was significantly attenuated by the OTA, the enhanced amplitude of mAHP in OT neurons from the OTA rats did not differ from those in either control pregnant or virgin rats. In contrast to OT neurons, the total area of AHPs and the amplitudes of the mAHP and sAHP in VP neurons were not affected by either pregnancy or central OTA (Fig. 3) .
A subset of OT neurons was treated with bath application of apamin, to assess the effect of OTA on the sAHP alone. As predicted, bath application of apamin blocked the mAHP and therefore isolated the sAHP (Fig. 4A ). In accordance with the amplitude of the sAHP, the area of the isolated sAHP in OT neurons from control pregnant rats was significantly larger than that from virgin rats, and the central application of OTA significantly suppressed the area of sAHP (Fig. 4B) . Interest- ingly, all five OT neurons treated with apamin from control pregnant rats showed further increase in area of the sAHP after bath application of apamin (Fig. 4, C and D) . Indeed, the area of sAHP exceeded the total area of AHPs before the application of apamin in all cases (n ϭ 5) from pregnant rats. In contrast, no such enhancement by apamin was observed in the five OT neurons tested with OTA, or in the majority (11 of 12) of virgin rats.
Finally, to ensure that the effects of OTA on AHPs were not due to the persistent antagonism of OTR after preparation of brain slices, bath applications of OTA (1 M) were tested on OT neurons (n ϭ 7) in slices from additional pregnant animals (days 19 -21) . The amplitude of sAHP in OT neurons before and after the application of OTA was 4.50 Ϯ 1.0 and 4.99 Ϯ 1.52 mV, respectively, values that did not differ significantly (P ϭ 0.45).
DISCUSSION
The present study demonstrates that chronic central OTR blockade during mid-late pregnancy significantly inhibits the enhanced expression of the sAHP in OT neurons, without affecting AHPs in VP neurons. This result suggests that enhancement of the sAHP may be one of the physiological mechanisms mediated by central OTR stimulation during midto late gestation, to ensure the normal release of systemic OT during labor and suckling by shaping OT bursting. Also, if the enhanced sAHP inhibits further firing of OT neurons for a period of several seconds after a train of action potentials, then it may contribute to the postburst inhibition observed during milk ejection (20) . Thus this would ensure the short burst length optimal for bolus OT release in all neurons. The disrupted timing of OT release in response to suckling after (21) may be, at least partly, attributed to the absence of the enhanced sAHP.
The selective OTA we employed, desGly-
OVT, is a competitive OTR antagonist, and its effects are reversed by OT both in vitro and in vivo (23) . In the present study, the osmotic minipumps infusing the OTA were removed when the animals were killed for brain slice preparation and the brain slices were kept in medium devoid of the OTA for at least 3 h before the electrophysiological experiment. Moreover, acute (5-10 min) bath application of OTA to the brain slices had no effect on AHPs. Thus the effect of OTA we observed is likely due to the chronic subcellular changes mediated by central infusion of OTA during mid-late gestation rather than simple prolonged antagonism of OTR in the brain slices by this reversible antagonist. This interpretation is consistent with our previous finding (21) that the presence of this selective OTA specifically during pregnancy results in a longlasting delay in the release of OT during suckling. However, the exact mechanisms underlying these chronic effects are not known at present.
It is known that somato-dendritic secretion of OT within the SON is mediated by Ca 2ϩ -dependent exocytosis of large dense core vesicles (22, 32) , a process that can be induced by as little as a single action potential in the SON neurons (12) . This suggests that the OTR can be activated at the basal firing rate during the mid-to late gestation period when the OTR binding is significantly increased, even without an elevation in OT release (3) . The OTR is a G protein-coupled receptor linked to the phospholipase C pathway (14) , and the OT-induced rise in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) in OT neurons is due primarily to the release of Ca 2ϩ from inositol 1,4,5-trisphosphate (IP 3 )-sensitive stores (11) . It has also been reported recently that this OTRmediated intracellular release of Ca 2ϩ evokes Ca 2ϩ influx through specific store-operated channels in the plasma membrane in SON neurons (43) . Considering that intracellular Ca 2ϩ can be highly localized to subcellular microdomains, this allows cells to use the same messenger system to control a variety of cellular process including long-term modifications via regulation of gene transcription (5). In fact, through OTR, OT promotes cell proliferation and migration in endothelial cells in human dermal microvascular (8) and human umbilical vein (42) tissues. Furthermore, OT has been thought to play a role as trophic factor in the maturation of OT neurons during postnatal development (9, 10).
To our surprise, the area of the sAHP increased significantly in response to apamin, a blocker of the Ca 2ϩ -activated SK channels (35) , in OT neurons from pregnant rats. More importantly, the enhancement of the sAHP was not observed in virgin or OTA-treated pregnant rats, which have relatively small sAHPs. This suggests that the increase in Ca 2ϩ influx may increase the amplitude of the sAHP only if the system mediating the sAHP has been upregulated by the stimulation of OTR during pregnancy. To our knowledge, there is no report of this phenomenon in the literature, and it is unlikely that apamin directly enhances the sAHP. An alternative explanation may be that blockade of SK channels allows a stronger dendritic depolarization that may lead to further depolarization and Ca 2ϩ influx. If so, we suggest that an enhanced Ca 2ϩ influx, and perhaps the sAHP, are localized in the dendrites, since neither bulk [Ca 2ϩ ] i nor highvoltage-activated Ca 2ϩ currents are increased in the soma of lactating rats in response to apamin, despite an enhanced AHP during lactation (39) . Moreover, the enhancement of sAHP during pregnancy and lactation may work through a Ca 2ϩ -dependent intermediary such as a second messenger system and/or coupling of the channels with a specific Ca 2ϩ source. In this case, relatively small changes in the Ca 2ϩ influx in the specific cytoplasmic microdomain may lead to a large difference in expression of the sAHP.
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